Microbes emit volatile compounds that affect plant growth and development. However, little or nothing is known about how microbial emissions may affect primary carbohydrate metabolism in plants. In this work we explored the effect on leaf starch metabolism of volatiles released from different microbial species ranging from Gram-negative and Grampositive bacteria to fungi. Surprisingly, we found that all microbial species tested (including plant pathogens and species not normally interacting with plants) emitted volatiles that strongly promoted starch accumulation in leaves of both mono-and dicotyledonous plants. Starch content in leaves of plants treated for 2 d with microbial volatiles was comparable with or even higher than that of reserve organs such as potato tubers. Transcriptome and enzyme activity analyses of potato leaves exposed to volatiles emitted by Alternaria alternata revealed that starch overaccumulation was accompanied by up-regulation of sucrose synthase, invertase inhibitors, starch synthase class III and IV, starch branching enzyme and glucose-6-phosphate transporter. This phenomenon, designated as MIVOISAP (microbial volatiles-induced starch accumulation process), was also accompanied by down-regulation of acid invertase, plastidial thioredoxins, starch breakdown enzymes, proteins involved in internal amino acid provision and less well defi ned mechanisms involving a bacterialtype stringent response. Treatment of potato leaves with fungal volatiles also resulted in enhanced levels of sucrose, ADPglucose, UDPglucose and 3-phosphoglycerate. MIVOISAP is independent of the presence of sucrose in the culture medium and is strongly repressed by cysteine supplementation. The discovery that microbial volatiles trigger starch accumulation enhancement in leaves constitutes an unreported mechanism for the elicidation of plant carbohydrate metabolism by microbes.
Introduction
Plants perceive biotic stimuli by recognizing a multitude of different signaling compounds originating from the interacting organisms. Some of these substances represent pathogenassociated molecular patterns, which generally act as elicitors of defense reactions. They are perceived at low concentrations and comprise diverse structures including carbohydrates, proteins, glycoproteins, peptides, lipids and sterols ( Hahlbrock et al. 2003 ) . Microbes also synthesize and emit many volatile compounds with molecular masses <300 Da, low polarity and
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a high vapor pressure ( Schöller et al. 2002 , Schultz and Dickschat 2007 , Splivallo et al. 2007a . Contact with microorganisms or elicitors not only adjusts plant defense reactions, but very often leads to a decrease in photosynthesis, and to a transition from source to sink status in photosynthetic tissues (for a review, see Berger et al. 2007 ) . One indication of the induction of a sink status in infected leaves is the up-regulation of cell wall invertase ( Chou et al. 2000 , Fotopoulos et al. 2003 , Bonfi g et al. 2006 , which results in the reduction of sucrose export from the infected leaf to other parts of the plant ( Scharte et al. 2005 ) . In some instances, the sucrolytic enzyme sucrose synthase (SuSy) is up-regulated upon microbial contact ( Eckey et al. 2004 , Michel et al. 2006 , which may serve to allocate sucrose to callose deposition and to promoting cell wall polysaccharide biosynthesis at infection sites ( Essmann et al. 2008 ) . Contact with a pathogen may also result in down-regulation of genes involved in starch metabolism ( Cartieaux et al. 2008 , Fabro et al. 2008 , which may facilitate the availability of simple sugars for the pathogen at infection sites.
Plants and bacteria produce starch and glycogen as predominant storage carbohydrates to cope with temporary starvation imposed by the environment. These branched homopolysaccharides are synthesized by starch/glycogen synthase using ADPglucose (ADPG) as the sugar donor molecule. Unlike bacteria, where glycogen breakdown takes place through the phosphorolytic pathway , starch breakdown in plants is mainly hydrolytic ( Scheidig et al. 2002 , Asatsuma et al. 2005 , Fulton et al. 2008 , Kitajima et al. 2009 ). Since the initial demonstration that ADPG serves as the precursor molecule for both plant starch and bacterial glycogen biosynthesis ( Recondo et al. 1963 , Preiss et al. 1966 , it has been widely considered that ADPG pyrophosphorylase (AGP) is the sole enzyme catalyzing the production of ADPG. Genetic evidence that bacterial glycogen biosynthesis occurs solely by the AGP (GlgC) pathway has been obtained with glgC − mutants ( Preiss 2009 ). However, recent studies have shown that these same mutants accumulate substantial amounts of glycogen and normal ADPG content ( Eydallin et al. 2007a ) . Furthermore, evidence has been provided showing the occurrence of various important sources, other than GlgC, of ADPG linked to glycogen biosynthesis in different bacterial species ( Martin et al. 1997 , Morán-Zorzano et al. 2007 , Sambou et al. 2008 ; for a review, see Wilson et al. 2010 ) .
Starch biosynthesis in leaves has generally been considered to take place exclusively in the chloroplast, and segregated from the sucrose biosynthetic process that takes place in the cytosol ( Neuhaus et al. 2005 , Streb et al. 2009 ( Supplementary  Fig. S1A ). According to this classical view, starch is considered as the end-product of a unidirectional pathway wherein AGP exclusively catalyzes the synthesis of ADPG, and functions as the major regulatory step in the starch biosynthetic process. However, recent evidence has indicated the occurrence of an additional pathway wherein ADPG linked to starch biosynthesis is produced de novo in the cytosol by SuSy ( Baroja-Fernández et al. 2004 ( Supplementary Fig. S1B ). According to this view, both sucrose and starch biosynthetic pathways are tightly interconnected by means of ADPG-producing SuSy activity ( Slabnik et al. 1968 , Delmer and Albersheim 1970 , Porchia et al. 1999 , BarojaFernández et al. 2003 , Baroja-Fernández et al. 2009 , and by the action of an as yet unidentifi ed ADPG translocator located at the chloroplast envelope membranes ( Pozueta-Romero et al. 1991 ) . Also, this view of leaf starch biosynthesis assumes that both AGP and plastid phosphoglucomutase play an important role in the scavenging of glucose units derived from starch breakdown ( Baroja-Fernández et al. 2004 .
Most studies on plant-microbe interactions have been carried out under conditions of physical contact between the host plant and the microbe. However, little is known about how microbial volatile emissions may affect plant physiology in the absence of physical contact. This is surprising, since microbes such as Pseudomonas spp., Streptomyces spp., Botrytis cinerea , Penicillium spp. and a variety of truffl es produce ethylene ( Considine et al. 1977 , Cristescu et al. 2002 , Splivallo et al. 2007b ), a gaseous plant hormone that plays important roles in multiple aspects of plant growth and development, including seed germination, hypocotyl elongation, root hair initiation, leaf and fl ower senescence, fruit ripening, starch accumulation, etc. Only recently Splivallo et al. (2009) provided evidence that ethylene produced by truffl es induces alterations in the development of Arabidopsis plants, which presumably result from important changes in metabolism. Volatile emissions from rhizobacterial isolates of Bacillus subtilis GB03, B. amyloliquefaciens IN937 and B. cepacia promote growth in Arabidopsis plants by facilitating nutrient uptake, photosynthesis and defense responses, and by decreasing glucose sensing and ABA levels ( Ryu et al. 2003 , Ryu et al. 2004 , Paré et al. 2005 , Vespermann et al. 2007 , H. Zhang et al. 2008 ). In contrast, volatiles from Pseudomonas spp., Serratia spp. and Stenotrophomonas spp., and from some fungal species exert inhibitory effects on growth of Arabidopsis plants ( Splivallo et al. 2007b , Tarkka and Piechulla 2007 , Vespermann et al. 2007 ), whereas volatiles emitted by Escherichia coli do not exert any effect on plant growth ( Ryu et al. 2003 ) .
Given the lack of knowledge regarding how microbial volatiles may affect reprogramming of cellular metabolism in plants, in particular primary carbohydrate metabolism, in this work we explored the possible effect of volatiles released from different microbial species ranging from Gram-negative and Grampositive bacteria to fungi on starch metabolism. Surprisingly, we found that all microbial species examined produced volatile compounds that promoted accumulation of exceptionally high levels of starch in leaves of both mono-and dicotyledonous plants. As a fi rst step towards understanding this phenomenon, in this work we have carried out biochemical and transcriptome analyses of leaves of potato plants cultured in the presence or absence of fungal volatiles (FVs) emitted by Alternaria alternata. The discovery that microbial volatiles induce starch overaccumulation in leaves constitutes an unreported mechanism for the elicidation of plant carbohydrate metabolism by microbes.
Results and Discussion
Volatiles emitted by different microbial species promote starch accumulation in leaves from different plant species
Whether volatiles released from microbes promote changes in leaf starch metabolism was fi rst tested by measuring starch content in leaves of Arabidopsis plants cultured in solid Murashige and Skoog (MS) medium in the presence for 2 d or in the absence of adjacent cultures of E. coli BW25113, Pseudomonas syringae (1448A9, 49a/90 and PK2), Salmonella enterica LT2, Agrobacterium tumefaciens (EHA105 and GV2260), Saccharomyces cerevisiae NA33, B. subtilis 168, A. alternata , Penicillium charlesii and P. aurantiogriseum . These experiments were carried out in the absence of physical contact between the plant and the microbial culture ( Supplementary Fig. S2 ). As shown in Fig. 1A , all microbial species tested promoted accumulation of exceptionally high levels of starch, as confi rmed by quantitative starch measurement analyses using an amyloglucosidase/hexokinase/glucose-6-phosphate dehydrogenase-based test kit. This phenomenon, designated as MIVOISAP (microbial volatiles-induced starch accumulation process), was largely prevented by charcoal, a volatile scavenger ( Fig. 1B ) . Leaves of plants accumulating high starch levels upon microbial treatment accumulated normal levels of starch when plants were subsequently cultured for an additional 3 d in the absence of adjacent microbial cultures ( Fig. 1B ) , strongly indicating that MIVOISAP requires the permanent presence of microbial volatiles. MIVOISAP was not restricted to in vitro culture conditions, but also occurred in plants grown in soil ( Supplementary Fig. S3 ). Microbe culture medium composition was shown to be a major determinant of MIVOISAP. Thus, whereas microbes cultured in minimal M9 medium strongly promoted starch accumulation, microbes cultured in LB medium exerted a null or negative effect on starch accumulation ( Fig. 1C ) . LB medium contains amino acids whose metabolism by microbes results in the production of ammonia. Our studies have shown that very low atmospheric concentrations of this volatile compound exerted a negative effect on both plant growth and starch metabolism (not shown). Therefore, the contrasting differences between the effect on starch accumulation of microbes cultured in minimal M9 medium and LB can be ascribed to the production of ammonia by microbes in LB medium.
To confi rm that what we measured was indeed starch, we characterized leaves that had previously been stained with iodine solutions. Furthermore, we carried out confocal fl uorescence microscopy analyses of plants expressing granule-bound starch synthase (GBSS) fused with green fl uorescent protein (GFP) ( Szydlowski et al. 2009 ) cultured in the presence and absence of FVs emitted by A. alternata. We also isolated and analyzed by light microscopy starch granules of leaves of plants cultured in the presence and absence of FVs. As shown in Fig. 2A and B , these analyses revealed that iodine staining of leaves of plants cultured in the presence of FVs was substantially darker than that of control plants. Light microscopy analyses of leaf sections ( Fig. 2C, D ) showed that iodine staining was localized within chloroplasts of mesophyll cells. Furthermore, confocal laser scanning microscopy analyses of transgenic leaves expressing the starch granule marker GBSS-GFP showed that starch granules were far larger when plants were cultured in the presence of FVs than in control conditions ( Fig. 2E-G ) .
Whether MIVOISAP occurs widely in plants was investigated by measuring starch content in leaves of Arabidopsis, potato ( Solanum tuberosum L.), tobacco ( Nicotiana tabacum ), maize ( Zea mays ) and barley ( Hordeum vulgare L.) plants cultured in the presence or absence of FVs emitted by A. alternata . These experiments were carried out using plants cultured in solid MS medium with or without 90 mM sucrose supplementation. As shown in Fig. 3 and Supplementary Fig. S4 , these analyses revealed that, irrespective of the presence of sucrose in the culture medium, starch content in the leaves of all fi ve species was far greater when plants were grown in the presence compared with in the absence of FVs. The data taken together thus demonstrated that MIVOISAP occurs ubiquitously among plants. It is noteworthy that starch levels in leaves of potato plants cultured in the presence of FVs were comparable with those reported for potato tubers ( Baroja-Fernández et al. 2009 ). Also, starch granules in FV-treated potato leaves were far larger than those of control, non-treated leaves ( Supplementary  Fig. S4 ). Furthermore, MIVOISAP in leaves of potato plants cultured in MS medium + sucrose was accompanied by a dramatic increase of intracellular levels of sucrose (10.6 ± 0.9 µmol g FW − 1 in the absence of FVs vs. 52.1 ± 4.5 µmol g FW − 1 in the presence of FVs), glucose (6.9 ± 0.9 µmol g FW − 1 in the absence of FVs vs. 25.1 ± 2.2 µmol g FW − 1 in the presence of FVs), fructose (18.6 ± 1.9 µmol g FW − 1 in the absence of FVs vs. 45.8 ± 2.6 µmol g FW − 1 in the presence of FVs) and maltose (170 ± 14 nmol g FW − 1 in the absence of FVs vs. 470 ± 33 nmol g FW − 1 in the presence of FVs).
Microbial volatiles promote starch accumulation in detached leaves
Whether microbial volatiles promoting leaf starch accumulation are sensed in leaves was investigated by measuring starch content in detached leaves of Arabidopsis, potato, tobacco, maize and barley plants incubated in solid MS medium (with or without sucrose) in the presence or absence of FVs emitted by A. alternata . Irrespective of the presence of sucrose in the medium, FV-treated leaves accumulated far higher levels of starch than control leaves ( Fig. 4 ) . This phenomenon was not restricted to detached leaves incubated in solid MS medium, but also occurred in leaves incubated in sterile water ( Fig. 4E ). These data thus showed that (i) FVs promoting starch accumulation can be sensed in leaves and (ii) leaves can display MIVOISAP in the absence of other parts of the plant. Detached leaves of the fi ve species analyzed accumulated more starch than leaves attached to the whole plant (cf. Fig. 3 ), indicating that abiotic stress (i) may to some extent promote starch accumulation in leaves and (ii) exerts a positive effect in MIVOISAP. It is noteworthy that starch levels in detached potato and Arabidopsis leaves cultured in the presence of FVs were higher than those occurring in potato tubers ( Baroja-Fernández et al. 2009 ). ( Kloosterman et al. 2008 ) . When plants were cultured in MS medium supplemented with sucrose, 3,019 genes were found to be deregulated in the presence of FVs ( > 2.5-fold difference relative to control; P < 0.05), 1,203 of them being annotated as 'no function assigned'. Among this population, 1,192 genes were up-regulated ( Supplementary Table S1 includes a list of selected genes) and 1,827 genes were down-regulated ( Supplementary Table S2 includes a list of selected genes). When plants were cultured in MS medium without sucrose, 2,856 genes were found to be deregulated in the presence of FVs, 1,109 of them being annotated as 'no function assigned' or 'no hits found'. Among this population, 1,671 genes were up-regulated ( Supplementary  Table S3 includes a list of selected genes) and 1,185 genes were down-regulated ( Supplementary Table S4 includes a list of selected genes). Quantitative real-time reverse transcription-PCR (RT-PCR) analyses of some of the identifi ed genes ( Fig. 5 ) validated the results of the array analyses.
To determine the biological processes affected by microbial volatiles, an analysis of genes using the MapMan tool ( Thimm et al. 2004 ) ( http://gabi.rzpd.de/projects/MapMan/ ) was carried out. This study revealed that FVs promoted drastic changes in expression of genes involved in multiple processes such as metabolism of carbohydrates, amino acids, sulfur and lipids, the redox status of the cell, development, cell wall biosynthesis, photosynthesis, secondary metabolism, protein translation and stability, vesicle traffi cking, signaling, energy production, plant defense and stress responses ( Supplementary Fig. S5 ). Consistent with the occurrence of high sucrose levels in FVtreated potato leaves (see above), MIVOISAP was accompanied by up-regulation of genes that code for sucrose-inducible patatin and protease inhibitors normally expressed in potato tubers ( Jefferson et al. 1990 , Johnson and Ryan 1999) ( Supplementary Tables S1, S3 ). No changes were observed in the expression of a number of genes that code for proteins that are thought to be involved in starch and sucrose metabolism such as α -glucan/water dikinases, plastidial adenylate kinase, plastidial hexokinase, plastidial phosphoglucose isomerase, plastidial phosphoglucomutase, the small catalytic subunit of AGP, ADPG pyrophosphatase, starch synthase (SS) class I and II, sucrose transporters, UDPglucose (UDPG) pyrophosphorylase, cytosolic phosphoglucose isomerase, cytosolic phosphoglucomutase, sucrose-phosphate synthase and alkaline invertase. we will focus on some functions that were affected by FV treatment, which are linked directly or indirectly to starch metabolism.
The impact of AGP in MIVOISAP in potato leaves
It is widely assumed that AGP is the major limiting step of starch biosynthesis, and the sole enzyme catalyzing the production of ADPG linked to starch production ( Neuhaus et al. 2005 , Streb et al. 2009 ). It comprises two types of homologous but distinct subunits, the small (APS) and the large (APL) subunits ( Crevillén et al. 2005 ) . Microarray analyses revealed that APS transcript levels remained unaltered upon FV treatment. In contrast, APL1 expression was up-regulated (14.98-and 3.28-fold increase in the presence and absence of sucrose, respectively; Supplementary Tables S1, S3 ), whereas APL3 was down-regulated (8.8-fold decrease in the presence of sucrose; Supplementary Table S2 ) as further confi rmed by quantitative RT-PCR analyses ( apparent difference in the amount of AGP between FV-treated and non-treated potato leaves ( Fig. 6 ), and total AGP activity was slightly enhanced by FV treatment ( Fig. 7A ) .
Because AGP catalyzes the reversible conversion of ATP and glucose-1-phosphate into ADPG and pyrophosphate (PPi), alkaline pyrophosphatase (PPase) is considered to play a pivotal role in starch biosynthesis, since it displaces the AGP reaction from equilibrium through rapid removal of PPi ( Gross and ap Rees 1986 ) . However, quantitative RT-PCR analyses ( Fig. 5 ) and microarray analyses revealed that FV treatment resulted in down-regulation of PPase (3.72-fold reduction; Supplementary Table S2 ), which was accompanied by a signifi cant reduction in PPase activity (2.22 ± 0.12 U g FW − 1 and 1.67 ± 0.10 U g FW − 1 in the absence and presence of FVs, respectively). It is thus conceivable that under FV treatment PPi will accumulate in the chloroplast, thus preventing AGP-mediated ADPG production.
In leaves, AGP is allosterically activated by 3-phosphoglycerate and inhibited by Pi. FV treatment resulted in an approximately 35 % increase of intracellular 3-phosphoglycerate levels G lu c o s e -6 -p h o s p h a te tr a n s lo c a to r (-s u c )
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In o s it o l-3 -p h o s p h a te s y n th a s e In o rg a n ic p y ro p h o s p h a ta s e A c id in v e rt a s e C y s te in e s y n th a s e N it ri te tr a n s p o rt e r N it ri te re d u c ta s e b -a m y la s e (494 ± 36 nmol g FW − 1 in the absence of FVs vs. 674 ± 127 nmol g FW − 1 in the presence of FVs) and a 30 % reduction of Pi content (27.7 ± 1.9 nmol g FW − 1 in the absence of FVs vs. 19.8 ± 2.1 nmol g FW − 1 in the presence of FVs). The resulting increase in the 3-phosphoglycerate/Pi ratio would indicate that AGP is allosterically activated during MIVOISAP. Starch synthesis is also regulated via plastidial thioredoxin-mediated post-translational redox activation of AGP ( Ballicora et al. 2000 , Hendriks et al. 2003 , Kolbe et al. 2005 , Michalska et al. 2009 ), which is promoted by trehalose-6-phosphate formed in the cytosol ( Kolbe et al. 2005 , Paul 2007 ). However, quantitative RT-PCR analyses ( Fig. 5 ) and microarray analyses revealed that trehalose-6-phosphate synthase and plastidial thioredoxins were strongly down-regulated when potato plants were cultured in the presence of FVs [7.57-and 8.31-fold reduction for thioredoxin m and f, respectively, 4.57-fold reduction of trehalose-6-phosphate synthase and 3.32-fold reduction of NADP-thioredoxin reductase in the presence of sucrose ( Supplementary Table S2 ); 3.71-and 2.74-fold reduction for thioredoxin m and f, respectively, and 4.89-fold reduction of trehalose-6-phosphate synthase in the absence of sucrose ( Supplementary Table S4 ) ]. To examine whether this situation affects AGP redox status, extracts from control and FV-treated potato leaves were separated by reductive and nonreductive SDS-PAGE and subsequently subjected to Western blot analyses of AGP. We must emphasize that when leaf extracts are separated on non-reducing SDS gels, AGP is present as a mixture of 50 kDa active monomers and 100 kDa inactive dimers formed by intermolecular links involving cysteine bridges. These dimers can be reactivated in vitro by incubating extracts with dithiothreitol (DTT) ( Hendriks et al. 2003 , Kolbe et al. 2005 . As shown in Fig. 6 , FV-treated potato leaves accumulated far greater amounts of 100 kDa inactive dimers than control leaves under non-reducing conditions. These 100 kDa dimers could be converted into 50 kDa monomers when extracts were obtained and separated under reducing conditions (including DTT) ( Fig. 6 ), the overall data strongly indicating that AGP is largely oxidized (inactive) in FV-treated potato leaves. To evaluate further the relevance of AGP in MIVOISAP we measured AGP activity, and both ADPG and starch content in leaves of AGP62 APS-antisense potato plants ( Müller-Röber et al. 1992 ) cultured in the presence and absence of FVs. As illustrated in Fig. 7A , AGP activity in AGP62 leaves was 30 % of that of wild-type (WT) leaves. Unlike WT leaves, AGP activity in AGP62 plants did not increase upon FV treatment. Concurrently, FV treatment resulted in a dramatic enhancement of starch accumulation ( Fig. 7B ) , and in an approximately 70 % increase of ADPG content ( Fig. 7C ) in AGP62 leaves. Starch and ADPG contents in FV-treated AGP62 leaves were comparable with those observed in FVtreated WT leaves.
The overall data thus indicated that changes in AGP expression and redox status play a minor role, if any, in potato MIVOISAP. In line with a previous study using purifi ed AGP ( Kleczkowski 1999 ) , the data were consistent with the idea that enhanced 3-phosphoglycerate/Pi probably exerts a positive effect on starch accumulation through allosteric activation of AGP when plants are exposed to FVs.
FVs strongly up-regulate SuSy and down-regulate acid invertase expression in potato leaves
It is generally assumed that SuSy is a major determinant of sink strength that strongly controls the channeling of incoming sucrose into starch and cell wall polysaccharides in many plant species ( Chourey and Nelson 1976 , Amor et al. 1995 , Zrenner et al. 1995 , Coleman et al. 2009 , Fujii et al. 2010 , although a recent report has provided evidence that SuSy is not required for biosynthesis of cell wall and starch in Arabidopsis roots and stems ( Barratt et al. 2009 ). This sucrolytic enzyme catalyzes the reversible conversion of sucrose and a nucleoside diphosphate into the corresponding nucleoside diphosphate glucose and fructose. Although UDP is the preferred nucleoside diphosphate substrate for SuSy to produce UDPG, ADP also acts as an effective acceptor molecule to produce ADPG ( Slabnik et al. 1968 , Delmer and Albersheim 1970 , Porchia et al. 1999 , Baroja-Fernández et al. 2003 . Baroja-Fernández et al. (2004) have provided evidence for the occurrence of an important pool of cytosolic ADPG linked to starch biosynthesis in potato leaves, which appears to be produced by SuSy . Microarray analyses of leaves of plants cultured in the presence and absence of FVs emitted by A. alternata revealed that FV treatment resulted in a drastic enhancement of expression of Sus4 (29.4-and 31.63-fold increase when plants were cultured in the presence and absence of sucrose, respectively; Supplementary Tables S1, S3 ), a SuSy isoform that controls ADPG, UDPG and starch accumulation in both potato source leaves and tubers , Baroja-Fernández et al. 2009 ). Consistently, analyses of the intracellular levels of starch and nucleotide-sugars in leaves of potato plants cultured in the presence and absence of FVs revealed a positive correlation between the patterns of SuSy activity and starch, UDPG and ADPG contents ( Fig. 8A-D ) . The dramatic enhancement of SuSy expression by FV treatment was further confi rmed by Western blot analyses ( Fig. 8E, F ) and quantitative RT-PCR ( Fig. 5 ) . Acid invertase is a sucrolytic enzyme whose activity is post-translationally regulated by a proteinaceous inhibitor ( Bracho and Whitaker 1990 ) . In potato tubers the balance between SuSy and acid invertase acts as a major determinant of starch accumulation ( Baroja-Fernández et al. 2009 ). It is noteworthy that our RNA profi ling analyses revealed that treatment with FVs resulted in down-regulation of acid invertase expression (2.61-and 2.04-fold decrease in the presence and absence of sucrose, respectively; Supplementary Tables S2, S4 ), and a dramatic enhancement of transcripts that code for the inhibitor of this sucrolytic enzyme (17.78-and 18.1-fold increase in the presence and absence of sucrose, respectively; Supplementary Tables S1, S3 ), which was further confi rmed by both quantitative RT-PCR ( Fig. 5 ) and enzyme activity analyses (423 ± 17 mUg FW − 1 and 160 ± 14 mUg FW − 1 in the absence and presence of FVs, respectively).
The overall data thus were consistent with the idea that (i) SuSy-and acid invertase-mediated sucrolytic pathways are coordinately regulated in response to identical cues during MIVOISAP and (ii) potato MIVOISAP can be ascribed, at least in part, to the balance between these pathways. Because of the positive correlation existing between the patterns of SuSy activity and of starch, ADPG and UDPG contents in leaves of FV-treated and non-treated plants ( Fig. 8A-D ) , the overall data also indicated that high ADPG, UDPG and starch levels occurring in FV-treated potato leaves are ascribed, at least in part, to enhanced SuSy activity during MIVOISAP.
MIVOISAP is accompanied by down-regulation of the main pathways of internal amino acid provision
Starch and glycogen are the main storage carbohydrates in plants and bacteria, respectively, their metabolism being tightly connected with that of amino acids by still poorly understood mechanisms. In E. coli , amino acid starvation elicits the stringent response, a pleiotropic physiological change that switches the cell from a growth-related mode to a maintenance/ survival/biosynthesis mode ( Potrykus and Cashel 2008 ) . Under conditions of limited nutrient (amino acid) provision, a decreased demand in ATP-dependent protein synthesis and breakdown takes place. Excess ATP is then diverted from protein metabolism towards glycogen biosynthesis when an excess carbon source is present in the medium ( Eydallin et al. 2007b . Escherichia coli mutants impaired in the synthesis of amino acids display a glycogen-excess phenotype as a result of the stringent response ( Eydallin et al. 2007b ) . Indicating the occurrence of tight links between sulfur, nitrogen and carbon metabolism, these mutants displayed a normal glycogen phenotype when cultured in medium supplemented with cysteine ( Eydallin et al. 2007b ) .
Consistent with the possible occurrence in plants of bacterial-type responses regulating starch biosynthesis as a consequence of impairments in internal amino acid provision, leaves of potato plants exposed to FVs were shown to accumulate dramatically reduced levels of glycine (2.12 ± 0.24 µmol g FW − 1 in the absence of FVs vs. 0.33 ± 0.02 µmol g FW − 1 in the presence of FVs), serine (1.82 ± 0.21 µmol g FW − 1 in the absence of FVs vs. 1.23 ± 0.22 µmol g FW − 1 in the presence of FVs), histidine (1.32 ± 0.20 µmol g FW − 1 in the absence of FVs vs. 0.73 ± 0.12 µmol g FW − 1 in the presence of FVs), arginine (7.82 ± 0.31 µmol g FW − 1 in the absence of FVs vs. 4.03 ± 0.13 µmol g FW − 1 in the presence of FVs) and threonine (1.48 ± 0.19 µmol g FW − 1 in the absence of FVs vs. 0.66 ± 0.12 µmol g FW − 1 in the presence of FVs). Quantitative RT-PCR analyses ( Fig. 5 ) and array analyses revealed that FV treatment resulted in a large reduction of expression of plastidial glyceraldehyde-3-phosphate dehydrogenase (pGAPDH) and plastidial phosphoglycerate kinase (pPGK) (32.68-and 5.32-fold decrease, respectively; Supplementary Table S2 ), two enzymes that in some organs can supply 3-phosphoglycerate for serine and glycine biosynthesis through the phosphorylated pathway ( Muñoz-Bertomeu et al. 2008 ) . Furthermore, these analyses revealed that FV treatment resulted in signifi cant down-regulation of plastidial glucose-6-phospate dehydrogenase (6.17-fold reduction, Supplementary Table S2 ), an enzyme of the oxidative pentose phosphate pathway (OPPP) which is involved in the production of reducing power required for amino acid biosynthesis in heterotrophic organs or in leaves during the night-time ( Bowsher et al. 1992 ). This observation was further confi rmed by both RT-PCR ( Fig. 5 ) and enzyme activity analyses (65.5 ± 1.3 and 41.2 ± 2.4 mUg FW − 1 in the absence and presence of sucrose, respectively). In addition, FV treatment resulted in a substantial reduction of the expression of genes coding for a set of plastidial proteins involved in nitrogen assimilation such as those coding for nitrite transporter, nitrite reductase, glutamate synthase and glutamate/ malate translocator (3.88-, 9.85-, 3.86-and 3.22-fold decrease, respectively; Supplementary Table S2 ) ( Fig. 5 ) ( Bowsher et al. 1992 ) . Confi rming this observation, enzyme activity analyses of leaf extracts revealed a clear reduction of nitrite reductase activity when plants were exposed to microbial volatiles (141.4 ± 10.2 and 63.1 ± 13.4 mU g FW − 1 in the absence and presence of FVs, respectively).
The fi rst step in the conversion of sulfate into the sulfoamino acids cysteine and methionine is catalyzed by ATP sulfurylase ( Saito 2004 ). This plastidial enzyme catalyzes the reversible conversion of ATP and sulfate into adenosine-5 ′ -phosphosulfate and PPi, which is displaced from equilibrium by PPase through rapid removal of PPi. As discussed above, FV treatment results in PPase down-regulation ( Supplementary Table S2 ; Fig. 5 ). It is thus conceivable that under FV treatment PPi will accumulate in the chloroplast, thus preventing sulfoamino acid biosynthesis by inhibiting ATP sulfurylase. It is noteworthy that FV treatment resulted in down-regulation of plastidial serine acetyltransferase, cysteine synthase and cystathionine-γ -synthase (3.43-, 2.85-and 2.53-fold reduction, respectively; Supplementary Table S2 ), all enzymes necessary for the synthesis of cysteine and methionine in the chloroplast ( Saito 2004 ) .
Whether impairment in internal amino acid provision is directly involved in MIVOISAP was investigated by measuring the starch content in detached potato leaves cultured in the presence and absence of FVs emitted by A. alternata and in the presence of different concentrations of various amino acids. Most notably, these analyses revealed that, unlike other amino acids, MIVOISAP was strongly repressed by exogenously added cysteine ( Fig. 9 ) . The overall data would thus indicate that, essentially similar to the glycogen overaccumulation process occurring in E. coli mutants impaired in cysteine biosynthesis, MIVOISAP in potato leaves is the consequence of a response triggered by the inadequate internal provision of cysteine. Alternatively, it is likely that cysteine may act as a signal molecule inhibiting MIVOISAP.
Proteases play a major role in protein quality control, being responsible for the degradation of damaged and aberrant polypeptides as well as for the recycling of amino acids for de novo protein biosynthesis. Proteolysis also supplies the amino acids necessary for maintaining cellular homeostasis, this being a process that involves a major portion of the cell's maintenance energy requirement ( Vierstra 1993 , Gottesman 2003 . In E. coli , impairments in the major protein degradation machinery result in enhancement of glycogen content due to the stringent response triggered by the lack of adequate internal amino acid provision ). When examined closely, our transcript analyses revealed that FV treatment dramatically enhanced the expression of many protease inhibitors ( Supplementary Tables S1, S3 ; Fig. 5 ). It is therefore highly feasible that, essentially similar to E. coli , (i) the resulting lack of proteolytic activity would result in impairment of the internal amino acid supply, which as discussed above triggers a response that leads to starch overaccumulation, and (ii) decreased demand for ATP for protein breakdown would result in the availability of excess energy for starch biosynthesis during MIVOISAP in potato leaves.
FVs up-regulate starch synthase class III and IV
Five distinct classes of SSs are known in plants: GBSS, which is responsible for the synthesis of amylose, and SS class I, II, III and IV (SSI, SSII, SSIII and SSIV, respectively). Abel et al. (1996) have shown that reduction of SSIII leads to the synthesis of structurally modifi ed starch in transgenic potato plants. Roldan et al. (2007) demonstrated that elimination of SSIV resulted in the accumulation of only one large starch granule in Arabidopsis chloroplasts. Furthermore, using different combinations of SS mutations in the SSIII and SSIV mutant background, Szydlowski et al. (2009) recently showed that Arabidopsis SSIII/SSIV and SSI/SSII/SSIII mutants accumulated extremely reduced levels of starch. Their data (i) indicated that both SSIII and SSIV play a key role in starch accumulation, although SSIV is mandatory to produce the regular numbers of starch granules found in WT plants, and (ii) suggested that SSIV plays a crucial role in the starch granule initiation process. Microarray analyses revealed that, irrespective of the presence of sucrose in the culture medium, FV treatment resulted in a large increase in SSIV expression (7.00-and 4.68-fold increase in the presence and absence of sucrose, respectively; Supplementary Tables S1 ,  Table S3 ) and a moderate increase in SSIII expression (2.53-fold increase in the presence of sucrose; Supplementary Table S1 ), which was confi rmed by quantitative RT-PCR analyses ( Fig. 5 ) . No changes were observed in the expression levels of SS class I and II. The overall data thus indicated that MIVOISAP in potato leaves can be ascribed, at least in part, to the enhancement of SSIII and SSIV functions.
FVs promote both reduction of amylose content and structural changes in amylopectin
The starch granule is composed of two structurally distinct homopolymers: amylose, which is essentially linear; and amylopectin, which is a moderately branched macromolecule. The starch in potato leaves contains 10-15 % amylose ( HovenkampHermelink et al. 1988 ). Whereas amylose is produced by GBSS, amylopectin is synthesized by the combined actions of soluble SS and starch branching enzyme (SBE), the latter catalyzing the formation of the α -1,6 linkages within the starch molecule. According to the 'trimming model' of starch granule formation ( Ball et al. 1996 ) , amylopectin biosynthesis is also the result of 'trimming' by debranching enzymes (isoamylases and pullulanases that hydrolyze α -1,6 linkages within the starch molecule) of highly branched glucans that are synthesized by soluble SS and SBE. Our quantitative RT-PCR ( Fig. 5 ) and array analyses revealed that FV treatment resulted in a dramatic increase in SBE expression [32.66-and 2.5-fold increase in the presence and absence of sucrose, respectively; Supplementary Tables S1, S3 ) and a moderate increase in both pullulanase and GBSS expression when plants are cultured in heterotrophic conditions (3.4-and 3.55-fold increase, respectively; Supplementary  Table S1 ). Consistently, SBE activity in FV-treated leaves (2.61 ± 0.39 Ug FW − 1 ) was markedly higher than in non-treated leaves (0.41 ± 0.11 U g FW − 1 ). In parallel, changes in the expression of these genes were accompanied by an important reduction in relative amylose content ( Fig. 10A ) . We investigated whether FV-promoted changes in SS and SBE activities resulted in structural changes in amylopectin. Towards this end, purifi ed amylopectin from FV-treated and non-treated leaves was subjected to enzymatic debranching, and the chain length distribution was determined by high-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD). These analyses revealed that FV treatment exerted a major effect on the structure of amylopectin, since amylopectin of FV-treated leaves contained more chains with a degree of polymerization (DP) <20 monomers than amylopectin of non-treated leaves ( Fig. 10B, C ) . From the above data we conclude that structural changes occurring in the starch molecules of FV-treated plants can be ascribed, at least in part, to enhancement of SS and SBE activities.
MIVOISAP is accompanied by down-regulation of starch breakdown functions
Starch breakdown in leaves is mainly hydrolytic ( Asatsuma et al. 2005 , Fulton et al. 2008 ), maltose being the major product of starch degradation that is exported from the plastid to the cytosol by means of the MEX1 transporter ( Niittylä et al. 2004 , Smith et al. 2005 . Our array analyses revealed that FV treatment resulted in drastic down-regulation of PCT-BMY1 (5.89-and 3.66-fold decrease in the presence and absence of sucrose, respectively; Supplementary Tables S2, S4 ), a chloroplasttargeted β -amylase that controls starch degradation in potato leaves ( Scheidig et al. 2002 ) . This observation was further confi rmed by quantitative RT-PCR ( Fig. 5 ) and by enzyme activity analyses (2.00 ± 0.24 and 1.31 ± 0.27 U g FW − 1 in the absence and presence of FVs, respectively). Furthermore, our array analyses revealed that FV treatment resulted in down-regulation of MEX1 (3.49-and 2.11-fold decrease in the presence and absence of sucrose, respectively; Supplementary Tables S2, S4 ). Because β -amylase-mediated starch breakdown takes place in the night ( Fulton et al. 2008 ) , it is highly likely that starch overaccumulation occurring after 2 d of exposure to FVs is due, at least in part, to reduced β -amylase activity in the dark.
Higher plants contain both cytosolic and plastidial starch phosphorylases , Duwenig et al. 1997 ). The precise in vivo function of the plastidial isoform is not yet known, although it has been generally accepted that it may be involved in starch breakdown. Zeeman et al. (2004) argued that this enzyme is involved in abiotic stress tolerance in Arabidopsis, providing substrates from starch into the OPPP to alleviate the stress. Not surprisingly, our RT-PCR analyses ( Fig. 5 ) and array analyses revealed that FV treatment resulted in a marked down-regulation of plastidic starch phosphorylase expression when plants were cultured in heterotrophic conditions (5.14-fold decrease) ( Supplementary Table S2 ).
FVs down-regulate photosynthesis genes when potato plants are cultured under heterotrophic conditions
One of the most striking alterations in the transcriptome of FV-treated plants cultured in the presence of sucrose involves the repression of genes coding for plastidial ribosomal proteins and proteins that function in light reactions of photosynthesis ( Supplementary Table S2 ). Also, when plants were cultured in the presence of sucrose, genes encoding key enzymes of the Calvin cycle and photorespiration were strongly repressed by FV treatment. These include pPGK, pGAPDH, triose phosphate isomerase, transketolase, pentose phosphate epimerase, ribose phosphate isomerase, fructose bisphosphate aldolase, fructose-1,6-bisphosphatase, sedoheptulose-1,7-bisphosphatase, Rubisco, glycolate oxidase, catalase, serine hydroxymethyltransferase and hydroxypyruvate reductase (5.32-, 32.68-, 3.69-, 3.65-, 4.79-, 6.43-, 14.97-, 17.99-, 11.09-, 46.52-, 9.24-, 4 .01-, 6.6-and 7.79-fold reduction, respectively; Supplementary Table S2 ) ( Fig. 5 ) . Furthermore, FV treatment of plants cultured with sucrose resulted in repression of the gene coding for photochlorophyllide oxidoreductase (7.73-fold reduction) ( Supplementary  Table S2 ), which is necessary for Chl biosynthesis. Analyses of the Chl content revealed that leaves of plants cultured in the absence of FVs contained a higher amount of the pigment (0.53 ± 0.02 mg g FW − 1 ) than leaves of plants cultured in the presence of FVs (0.38 ± 0.02 mg g FW − 1 ). In these circumstances it is highly likely that much of the starch accumulated by plants cultured in heterotrophic conditions will be produced from metabolic breakdown of sucrose taken up from the culture medium.
MIVOISAP is accompanied by marked changes in the expression of glucose-6-phosphate and triose phosphate transporters
The major chloroplast envelope membrane protein, the triose phosphate/3-phosphoglycerate/Pi translocator (TPT), is central for the communication between chloroplast and cytosol, since it exports the primary products of the Calvin cycle (i.e. triose phosphates and 3-phosphoglycerate) out of the chloroplast in a strict counter-exchange for Pi. TPT antisense potato plants accumulate in their leaves 2-to 3-fold more starch and more 3-phosphoglycerate than WT leaves, and have reduced plant vigor ( Riesmeier et al. 1993 ) . Our RT-PCR ( Fig. 5 ) and array analyses revealed that, irrespective of the presence of sucrose in the culture medium, FV treatment resulted in reduced TPT expression (3.17-and 2.25-fold reduction in the presence and absence of sucrose, respectively; Supplementary Tables S2, S4 ). Leaves of plants treated with FVs accumulated moderately high levels of 3-phosphoglycerate (see above), which are probably ascribed to the reduction of TPT-mediated transport of 3-phosphoglycerate from chloroplast to cytosol.
Non-green plastids of heterotrophic tissues rely on the provision of glucose-6-phosphate (G6P) from the cytosol through the G6P/Pi antiporter system. The imported G6P can be used for the synthesis of starch and fatty acids ( Kang and Rawsthorne 1996 , L. Zhang et al. 2008 ) . G6P can also be used to drive OPPP which, as discussed above, is the major source of reducing power required for the reduction of nitrite and for the biosynthesis of fatty acids and amino acids ( Bowsher et al. 1992 , Bowsher et al. 2007 ). Intriguingly, although enzymes involved in plastidial G6P metabolism are strongly down-regulated during MIVOISAP (see above), our array analyses revealed that FV treatment exerted a positive effect on the expression of the G6P/Pi translocator when plants were cultured in heterotrophic conditions (30.23-fold increase; Supplementary Table S1 ), which was further confi rmed by RT-PCR analyses ( Fig. 5 ) . Furthermore, although expression of the G6P/Pi translocator is mainly restricted to heterotrophic tissues ( Kammerer et al. 1998 ) , FV treatment also strongly enhanced the expression of the G6P/Pi translocator in photosynthetically competent leaves when plants were cultured in autotrophic conditions (22.08-fold; Supplementary Table S3 ) ( Fig. 5 ).
Additional remarks
Results presented in this work showed that volatile emissions from all microbial species analyzed promoted accumulation of an exceptionally high starch content in leaves of both monoand dicotyledonous plants ( Figs. 1-4 ). This is true not only for volatiles emitted by non-pathogenic microbial species, but also, surprisingly, for volatiles emitted by different fungal and bacterial plant pathogens, and by microbial species that normally do not interact with plants (cf. Fig. 1 ). Our studies showed that plants subjected to treatment with microbial volatiles constitute an attractive system to investigate signaling mechanisms, and metabolic and transcriptome reprogramming, and to understand the interconnections existing between different cellular and metabolic processes, particularly N, C and S metabolism. Furthermore, results presented in this work have shown that MIVOISAP is accompanied by changes in the expression of a multitude of genes that code for enzymes central to carbohydrate metabolism, suggesting that it is a highly coordinated and regulated process. It is noteworthy that RT-PCR ( Fig. 5 ) and array analyses revealed that FV treatment strongly promoted the expression of SNF4 (6.64-fold increase; Supplementary Table S1 ), an activator of the global regulator of plant carbon metabolism SnRK1 that positively regulates SuSy expression ( Purcell et al. 1998 , Kleinow et al. 2000 , McKibbin et al. 2006 , Polge and Thomas 2006 . These analyses also revealed that SnRK1 is up-regulated by FV treatment (3.04-fold increase; Supplementary Table S1 ).
The discovery that microbial volatiles promote starch overaccumulation in leaves is an unreported mechanism for the elicidation of plant carbohydrate metabolism by microbes that still needs to be investigated in more detail before it can be fully understood. It is important to note that, similar to some isolates of B. subtilis ( Ryu et al. 2003 ) , all microbial species promoting starch accumulation investigated in this work promoted plant growth (manuscript in preparation). Therefore, MIVOISAP cannot be considered as a secondary effect due to reduction or cessation of plant growth. Starch metabolism is highly interconnected with a number of cellular processes and its regulation involves an as yet not well defi ned assemblage of factors that are adjusted to the physiological status of the cell. Synthesis and utilization of starch is under control of a complex and intrincate network involving transcriptional and post-transcriptional regulation of starch enzymes wherein cell energy, nutritional status and response to environmental conditions play crucial roles. Although analyses carried out in this work would suggest that MIVOISAP is partially regulated at the transcriptional level, it is highly likely that this phenomenon is also regulated via post-translational modulation of enzymes. The increase of the 3-phosphoglycerate/Pi ratio occurring when plants are treated with FVs is consistent with this idea. MIVOISAP is accompanied by a reduction of ATPdependent proteolytic activity and repression of plastidial protein synthesis. It is therefore conceivable that MIVOISAP is partially due to channeling of excess energy from protein metabolism towards starch biosynthesis. Needless to say, further studies will be necessary to confi rm (or refute) this hypothesis.
It was striking to fi nd that phylogenetically quite different organisms promote leaf starch accumulation to such an extent in a wide variety of plant species. All microbial species tested in this work produce CO 2 and consume O 2 . Therefore, plants exposed to volatiles emitted by microbes cultured in M9 medium were also exposed to relatively elevated CO 2 and reduced O 2 during our experiments. Previous studies have shown that continuous exposure to high CO 2 causes a 30-50 % increase in starch content in fully expanded leaves, but not in developing leaves ( Ainsworth et al. 2007 ). In addition, exposure of Arabidopsis plants to reduced O 2 for 10 d causes a 2-to 3-fold increase in leaf starch content and strong inhibition of growth ( Ramonell et al. 2001 ) . Therefore, MIVOISAP is unlikely to be the result of elevated CO 2 and/or reduced O 2 since: (i) it takes place in both fully expanded and developing leaves ( Fig. 2 ); (ii) treatment with microbial volatiles during a short incubation time resulted in a 20-to 60-fold increase in the intracellular starch content ( Figs. 1 , 3 , 4 ) ; and (iii) MIVOISAP is not accompanied by growth arrest. Furthermore, microbes cultured in LB medium (which also produce CO 2 and consume O 2 ) do not promote accumulation of exceptionally high levels of starch (cf . Fig. 1C ). Part of our future goal is to identify the volatiles and sensing mechanisms involved in MIVOISAP. In this respect we must emphasize that previous studies of the volatiles emitted from different rhizobacterial isolates of B. subtilis GB03 and B. amyloliquefaciens IN937 revealed that two airborne volatile compounds, 3-hydroxy-2-butanone and 2,3-butanediol, promoted plant growth and conferred enhanced protection against pathogen infection ( Ryu et al. 2003 , Ryu et al. 2004 ). However, our preliminary studies have shown that these compounds are not involved in MIVOISAP.
Materials and Methods

Plants, microbial cultures, growth conditions and sampling
The work was carried out using plants of A. thaliana (cv. Columbia), potato ( S. tuberosum L. cv Desirée), maize ( Z. mays, cv. HiII), tobacco ( N. tabacum ) and barley ( H. vulgare cv. Golden promise) cultured in Petri dishes and fl asks containing solid MS medium with and without 90 mM sucrose and the indicated amino acid supplementation. Plants were grown in growth chambers with a 16 h light (300 µmol photons s − 1 m − 2 ) photoperiod and at a constant temperature of 24 ° C. Bacillus subtilis 168 ( Bacillus Genetic Stock Center, Ohio State University, Columbus), E. coli BW25113, P. syringae (1448A9, 49a/90 and PK2), S. enterica LT2 and A. tumefaciens (EHA105 and GV2260) were cultured in Petri dishes containing solid M9 minimal (95 mM Na 2 HPO 4 /44 mM KH 2 PO 4 /17 mM NaCl/37 mM NH 4 Cl/0.1 mM CaCl 2 /2 mM MgSO 4 , 1.5 % bacteriological agar) medium supplemented with 50 mM glucose. Saccharomyces cerevisiae NA33 cells were cultured in Petri dishes containing solid LB medium (1 % tryptone, 1 % NaCl, 0.5 % yeast extract and 1.5 % bacteriological agar) supplemented with 50 mM glucose. Alternaria alternata , P. charlesii and P. aurantiogriseum were cultured in Petri dishes containing solid MS medium supplemented with 90 mM sucrose. Microbial cultures without lids were placed into sterile plastic boxes and sealed. After 2 d, Petri dishes containing fully developed plants were placed without lids into the boxes containing the microbial cultures as illustrated in Supplementary Fig. S2 . The boxes were sealed and leaves were harvested after the indicated incubation periods for biochemical and transcriptome analyses. Unless otherwise indicated, leaves were harvested at the end of the light period. As a negative control, Petri dishes containing fully developed plants were cultured in sealed plastic boxes together with Petri dishes fi lled with sterile microbial culture media. Harvested leaves were immediately freeze-clamped and ground to a fi ne powder in liquid nitrogen with a pestle and mortar.
Western blot analyses
To produce polyclonal antisera against Sus4, a full-length potato Sus4 encoding cDNA was cloned into the pET-28b( + ) expression vector (Novagen) to create pET-SuSy. Escherichia coli BL21(DE3) cells transformed with pET-SuSy were grown in 100 ml of liquid LB medium to an absorbance at 600 nm of 0.5 and then 1 mM isopropyl-β -D -thiogalactopyranoside was added. After 5 h, cells were centrifuged at 6,000 × g for 10 min. The pelleted bacteria were resuspended in 6 ml of His-bind binding buffer (Novagen), sonicated and centrifuged at 10,000 × g for 10 min. The supernatant thus obtained was subjected to His-bind chromatography (Novagen). The eluted Histagged Sus4 was then rapidly desalted by ultrafi ltration on Centricon YM-10 (Aicon). The purifi ed protein was electrophoretically separated by preparative 12 % SDS-PAGE and stained with Coomassie Blue. An approximately 90 kDa protein band was eluted and utilized to produce polyclonal antisera by immunizing rabbits.
For immunoblot analyses, protein samples (30 µg of protein per lane) were separated by 10 % SDS-PAGE, transferred to nitrocellulose fi lters, and immunodecorated by using antisera raised against either maize AGP or potato SuSy as the primary antibody, and a goat anti-rabbit IgG-alkaline phosphatase conjugate (Sigma) as the secondary antibody. In the case of Western blots of AGP, samples were extracted and separated by SDS-PAGE under reducing/non-reducing conditions essentially as described by Kolbe et al. (2005) .
Enzyme assays
All enzymatic reactions were carried out at 37 ° C. A 1 g aliquot of the frozen powder (see above) was resuspended at 4 ° C in 3 ml of 100 mM HEPES (pH 7.5), 2 mM EDTA and 2 mM DTT. When indicated, 5 mM DTT was added to the extraction buffer. The suspension was desalted and assayed for enzymatic activities. AGP, SuSy, acid invertase and PPase were assayed as described by Baroja-Fernández et al. (2009) . β -Amylase was assayed as described by Liu et al. (2005) . SBE activity was measured as a decrease in absorbance of the amylose-iodine complex as described by Vos-Scheperkeuter et al. (1989) . Nitrite reductase was measured following the method described by Rao et al. (1981) . Plastidial G6P dehydrogenase was measured according to Hauschild and von Schaewen (2003) . One unit (U) is defi ned as the amount of enzyme that catalyzes the production of 1 µmol of product per min. The results were the mean ± SE of three independent experiments.
Determination of metabolite levels
For measurement of ADPG and UDPG content, a 0.5 g aliquot of the frozen powdered tissue (see above) was resuspended in 0.4 ml of 1.0 M HClO 4 , left at 4 ° C for 2 h and centrifuged at 10,000 × g for 5 min. The supernatant was neutralized with 5 M K 2 CO 3 , centrifuged at 10,000 × g and subjected to measurement analyses of nucleotide-sugars by HPLC as described by Muñoz et al. (2005) on a system obtained from P. E. Waters and Associates fi tted with a Partisil-10-SAX column. 3-Phosphoglycerate and Pi were measured as described by Muñoz et al. (2005) . Sucrose, glucose, maltose and fructose were measured as described by Baroja-Fernández et al. (2009) . Determination of the amino acid (serine, glycine, histidine, threonine and arginine) content was performed as described by Loiret et al. (2009) . The results were the mean ± SE of three independent experiments.
Analytical procedures
Starch was measured by using an amyloglucosidase-based test kit (Boehringer Mannheim). The amylose content of the starch was measured iodometrically according to Andersson et al. (2006) . Analysis of the side chain distribution of isolated starch was carried out by HPAEC-PAD essentially as described by Abel et al. (1996) using a DX-500 system (Dionex) fi tted to a CarboPac PA 20 column. Chl was quantifi ed according to the method of Wintermans and De Mots (1965) .
Microarrays
Total RNA was extracted from frozen potato leaves using the Trizol method according to the manufacturer's procedure (Invitrogen), followed by purifi cation with an RNeasy kit (Qiagen). RNA amplifi cation, labeling and statistical data analysis were performed basically as described by Adie et al. (2007) . Microarray slides Agilent POCI 4 × 44 (015425) that contain 246,000 expressed sequence tags corresponding to 46,345 unigenes ( http://pgrc.ipk-gatersleben.de/poci ) ( Kloosterman et al. 2008 ) were used for hybridization. Labeling and hybridization conditions were those described in 'the two color microarray based gene expression analysis' manual of Agilent Technologies. Three independent biological replicates were hybridized for leaves from microbe-treated plants and from controls. Images from Cy3 and Hyper5 channels were equilibrated for intensity differences and captured with a GenePix 4000B scanner (Axon). Spots were quantifi ed using GenPix software (Axon) and normalized using the Lowess method. The mean of the three replicate log-ratio intensities and their standard deviations were calculated, and the expression data were statistically analyzed using the LIMMA Package ( Smyth and Speed 2003 ) . Functional characterization of the differentially expressed genes was done using the Mapman tool ( http://gabi.rzpd.de/projects/MapMan/ ).
Real-time quantitative PCR
Total RNA was extracted from potato leaves as for microarray experiments. RNA was treated with RNase-free DNase (TAKARA). A 1.5 µg aliquot of RNA was reverse transcribed using poly(T) primers and the Expand Reverse Transcriptase kit (Roche) according to the manufacturer's instructions. RT-PCR was performed using a 7900HT sequence detector system (Applied Biosystems) with the SYBR Green PCR Master Mix (Applied Biosystems) according to the manufacturer's protocol. Each reaction was performed in triplicate with 0.4 µl of the fi rst-strand cDNA in a total volume of 20 µl. The specifi city of the PCR amplifi cation was checked with a heat dissociation curve (from 60 to 95 ° C). Comparative threshold values were normalized to the 18S RNA internal control and compared to obtain relative expression levels. The specifi city of the obtained RT-PCR products was controlled on 1.8 % agarose gels. Primers used for RT-PCRs are listed in Supplementary  Table S5 .
Iodine staining and microscopic localization of starch granules
Leaves harvested at the end of the light period were fi xed by immersion in 3.7 % formaldehyde in phosphate buffer. Leaf pigments were then removed in 96 % ethanol. Re-hydrated samples were stained in iodine solution [KI 2 % (w/v), I 2 1 % (w/v)] for 30 min, rinsed briefl y in deionized water, and photographed. Leaves for microscopic starch granule observation were mounted on microscope slides and examined in a confocal microscope using Ar 488 laser excitation. Samples for sectioning were immersed in cryoprotective medium OCT (Tissue-Tec) and frozen at − 50 ° C. Cryosections of 10 µm thickness were obtained in a AS620 Cryotome (Shandon). After thawing, sections were stained in iodine solution for 2 min at room temperature, mounted on microscope slides and observed using a stereomicroscope Olympus MVX10 (Japan). Microphotographs were captured with an Olympus DP72video camera and Cell D software (Olympus).
Confocal microscopy
Subcellular localization of GBSS-GFP was performed using a D-Eclipse C1 confocal microscope (NIKON) equipped with standard Ar 488 laser excitation, a BA515/30 fi lter for green emission, a BA650LP fi lter for red emission and a transmitted light detector for bright fi eld images.
Supplementary data
Supplementary data are available at PCP online. 
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